The feasibility of shifted-excitation Raman difference spectroscopy (SERDS) as a label-free and non-invasive technique for an objective diagnosis of oral cancer (OSCC) was investigated by analyzing 12 ex vivo OSCC samples. 72 mean SERDS spectra from each three physiological tissue points and pathological lesions were correlated with the histo-pathological diagnosis. Principal component analysis (PCA) and linear discriminant analysis (LDA) showed excellent results with an area under the curve of 94.5% and a classification error of 9.7% (sensitivity: 86.1%; specificity: 94.4%). The SERDS Raman spectra of malignant and benignant tissues were discriminable with respect to the spectral features of proteins, lipids and nucleic acids. The presented method is capable of a highly accurate identification of OSCC. These findings suggest a high validity and reproducibility of SERDS combined with PCA and LDA analysis regarding oral cancer tissue.
Introduction
Carcinomas in the area of the head and neck are among the fifth most common cancer diseases in men [1] with the majority originating from the mucosa [2] . Despite the oral accessibility, a majority of the lesions is diagnosed at a late stage of the disease, with more than 60% of the patients suffering from a tumor in stage T3 or T4 at the time of diagnosis [1, 3, 4] . This implies a significant effect on the comparably poor five-year survival rate of 40%, as stated by the world health organization [5] . Despite the progress in surgery and radiochemotherapy, no significant improvements regarding patient survival could be observed in the last decades [5] . It has been shown that the survival rate correlates highly with the stage of the disease [6] . The delayed recognition is mainly attributed to insufficient methods of cancer screening and diagnosis [4, 7] . Thus, the need arises for adequate, highly specific and objective methods for early cancer diagnosis. The current "gold standard" in the diagnosis of oral cancer is the visual inspection followed by an invasive biopsy and histopathological examination of the suspicious specimen. This inherits a variety of limitations. Inter-individual expertise in physical examination as well as in histopathological confirmation, the demand for human and financial resources, the delay in time, amount of tissue gained via biopsy, and the obligatory invasiveness of a biopsy are factors affecting early diagnosis and thus adequate and early treatment of cancer [4, [8] [9] [10] [11] . Furthermore, since the majority of oral squamous cell carcinomas develop from precursor lesions of varying malignant potentials such as leukoplakia and dysplasias, multiple biopsies often become necessary over time to monitor the precursor spots and identify the need for treatment at an early stage. This inevitably affects patient compliance in a negative way and thus hinders adequate monitoring.
Bio-optical methods could overcome these limitations by relying on a common principle: When illuminating the tissue with light, the optical spectrum derived from the tissue contains information about the molecular/chemical composition of the tissue and/or its surface character [12] . The acquired information thus allows for a characterization of the tissue. A number of bio-optical methods -recently presented in literature [13, 14] -show the trend towards an in situ identification of pathological changes in clinical practice. These prospects have also been studied in the area of head and neck cancer, where mainly fluorescence/diffuse reflectance spectroscopy, optical coherence tomography (OCT) and confocal microscopy are currently applied [15] [16] [17] [18] . By applying diffuse reflectance and fluorescence spectroscopy, a specific spectrum can be obtained from the biological sample within a fast acquisition time, but deriving specific molecular information from these spectra is challenging. Besides, OCT and confocal microscopy are mainly considered to be "imaging" techniques by increasing the contrast for a better visual identification of the pathological changes on a macro-scale or by portraying the conditions of the pathological changes on a micro-scale. Thus, the need for a subjective interpretation through the clinician cannot be bypassed entirely. Furthermore, to provide more accurate results, the use of exogenous labels -systemically applied in case of OCT or directly applied in the oral cavity in case of fluorescence -is necessary. However, the use of labels is accompanied by clinical restrictions and inherits certain risks for the patient.
Raman spectroscopy on the other hand provides an objective, high-precision and sensitive acquisition of the molecular tissue composition through the specific interaction of photons with cellular molecules [12] . Not needing a preparation of the biological samples in the form of exogenous labels or stains make Raman spectroscopy a non-invasive and robust tool for in situ analysis of biological tissue [19] . Furthermore, the high spatial and spectral resolutionup to single molecule recognition -can provide an exact localization of the lesion and its borders [20] . Prior works demonstrated the feasibility of Raman Spectroscopy in medical diagnosis regarding the identification of different pathologies and their stage of disease as well as their differentiation from physiological forms [21] . Current advances in Raman spectroscopic instrumentation, data processing and statistical analysis have led to promising results regarding spectroscopic cancer diagnostics in tissue bulks and histological sections as well as in cyto-pathological samples. Additionally, the independency of labeling and staining has enabled the identification of circulating malignant cells in body fluids [22] [23] [24] [25] [26] . Raman studies in the field of cancer originating from epithelia are reported for a variety of anatomical sites including oesophagus, skin, the gastrointestinal system, breast tissue and the cervix [27] [28] [29] [30] [31] [32] [33] [34] . Recent studies reveal the potential for an identification of different pathologies in the area of the head and neck through Raman spectroscopy [35] [36] [37] [38] . The feasibility of Raman spectroscopy as a method for the identification of OSCCs and its malignancy-related changes has been demonstrated in prior works [39, 40] . First in vivo studies showed that the discrimination between healthy, malignant and premalignant oral tissue lesions is achievable and even early dysplastic stages of oral malignancy may be differentiated sufficiently due to its high sensitivity regarding molecular changes in the tissue [41] [42] [43] . According to these preliminary in vivo findings, recent works on oral spectral cytopathology showed that malignant cells can be differentiated significantly from physiological oral cells, even if morphological criteria do not indicate cancerous alterations [24] , whereas studies on oral cell lines evaluate the role of radio-therapeutic resistance by investigating their spectroscopic patterns [44] . The spectral changes are mainly assignable to the change of the concentration of nucleic acids relative to the concentration of proteins and will be discussed in more detail later [42, 43, 45, 46] . While the Raman spectra of healthy oral tissue show the characteristics of lipids, the Raman spectra of malignant tissue carry the characteristics of proteins. Regarding these advances in recent works, Raman spectroscopy can provide information that is complementary or even superior to conventional techniques in oral pathology [40] . However, the impairment of the Raman signal through tissue auto fluorescence signals still raises the question of the optimal method for an automated, rapid, effective luminescence background separation, which is urgently needed for broad clinical applications. Thus, in the present work, the feasibility of shifted-excitation Raman difference spectroscopy (SERDS) for differentiation of cancerous from healthy tissue in ex vivo oral squamous cell carcinoma identification is studied. The findings of this study provide evidence that the approach of spectral acquisition by SERDS yields reproducible and significantly different results in terms of molecular composition in benign and malignant oral tissue -in particular in regions of proteins and lipids.
Material and methods

Study patients
The ex vivo experiments were conducted on resected samples of oral squamous cell carcinoma. The samples were obtained from 12 patients. All patients have undergone a surgical excision of an OSCC in inpatient care. The cohort comprised OSCC samples from 12 patients (10 males / 2 females; age 60.9 + -10.6 years) ( Table 1 ). The T-stage for classification of the pathology was n = 3 for T1 classified tumors, n = 6 for T2 and n = 3 for T3 tumors of the oral cavity. The location of the tumors has been determined as follows: n = 9 on the floor of the mouth, n = 2 on the lower alveolar crest and n = 1 on the oral hard palate ( Table 2 ). The tumor samples were excised with a safety margin of 1 cm of physiological oral mucosa. The samples were measured within a post-excision time of 3 hours at a room temperature of 22°C. Pre-preparation of the tissue samples consisted of careful manual rinsing with a sterile saline solution to clean them from superficial contamination and necrotic tissue remnants as well as blood clots. All experimental proceedings were conducted on the day of surgery with a maximum ex vivo time of three hours. Other than the oral malignancy, the patients did not suffer from local or systemic diseases that could affect the optical examination of the oral mucosa. The study protocol was approved by the Ethics Committee (Ref. no. Az. 243_12). All patients gave written informed consent for the study prior to surgery. Raman spectroscopy SERDS -setup Figure 1 shows the setup of the Raman experiment used for the characterization of the tissue. A diode laser (Toptica DLpro) with a variable laser wavelength between 770 and 810 nm was used as the excitation light source. A Glan-laser prism transparent for s-polarized light in combination with a half-wave plate allowed for the attenuation of the laser output power of 1 W down to 115 mW (not shown in Fig. 1 ). The excitation beam is launched into a glass fiber, which guides the laser radiation to a cage system. A short pass filter (785 nm) purifies the laser radiation from interfering signals originating from fiber-light interactions. The excitation laser is expanded to approximately 50 mm and then reflected via a dichroic mirror -highly reflective for excitation wavelengths but transparent for red shifted wavelengths -through the focusing lens into the laser focus (diameter approximately 200 µm) being the probe volume. A portion of the excited signals is detected in back-scattering direction through the focusing lens. The shifted fluorescence and Raman signals pass the dichroic mirror and are launched via another focusing lens into a detection glass fiber bundle, guiding the signals to the spectrometer (QE 65000 from Ocean Optics) with a long-pass filter (785nm, Raman Razor Edge filter) suppressing the elastically scattered light that passes the dichroic mirror. For an efficient detection of the signals, the spectrometer is operated without an entrance slit. Instead, the linear arrangement of the 100 µm core diameter single fibers within the fiber bundle serves as the slit. At the interface of the fiber bundle not connected to the spectrometer, the single fibers are arranged in a round pattern -enabling the efficient coupling of the signals into the fiber bundle. During the SERDS measurements, spectra are first acquired when the excitation wavelength is set to *1 (783nm, see below). Then the excitation wavelength is shifted slightly to *2 (785nm), where the second spectral data set is acquired. The spectra corresponding to each excitation wavelength are averaged and then the mean spectrum corresponding to *1 is subtracted from the mean spectrum corresponding to *2. 
Measurement procedure
During optical measurements, the samples were put on a matte black paper. In order to avoid overlapping of the measuring points, a minimum standardized distance of 5 mm was maintained between the measurement points. For each tissue sample, six measurement points were visually determined. Three measurement points were defined as visually classified physiological mucosa in the marginal area of the resected tissue. Three measurement points in the parts of the tissue classified as OSCC. The visual selection of the measurement points was confirmed by the responsible surgeon of the Department of Oral and Maxillofacial Surgery. Seventy-two measurements were made in total per wavelength, covering 12 samples of oral mucosa, each analyzed at three physiological and three pathological tissue points (12 x 6 = 72). The optical measurements were conducted with a standardized distance of 10 cm under a vertical alignment of the probe/excitation light to the tissue sample. The diameter of the excitation light spot can be estimated to be smaller than 0.2 mm on the tissue. The measurements were conducted under residual stray light, to mimic the parameters of in situ measurements in the oral region on the patient. After each measurement, the point of measurement was marked with a colored needle that depicted the point as OSCC or physiological mucosa (red: OSCC; blue: physiological). After measurement proceedings, the resected tumor tissues were processed at the Institute for Pathology, University Hospital Erlangen, Germany, as part of the conventional histopathological routine evaluation as well as for a histological confirmation of each measurement point as seen in Fig. 2 . 
Spectral data acquisition and processing
For each point of measurement (6 measurement locations on each of the 12 mucosa samples), 50 single spectra were acquired for each of the two excitation wavelengths. The signal integration time of one spectrum was set to 3 s. Therefore the acquisition of 50 spectra took 150 s. The excitation wavelength can be varied reproducibly in the computer menu interface of the laser. The wavelength can be varied from 783 to 785 nm within few seconds. As excitation wavelengths we chose 783 and 785 nm, since the SERDS technique provided the best differentiability between benign and malign tissue for this width. As shown in Fig. 3 , the Raman spectrum of the tissue is purified from interfering fluorescence emissions: In a first step, a mean spectrum is computed from the 50 single spectra separately taken from one a) b)
Needle canal outlined in indian ink measurement location for each of the two excitation wavelengths. Since we used the wavenumber range from 1000 to 1800 cm-1 for the statistical analysis of the SERDS spectra [45] , the area of the two mean spectra in this wavenumber range was normalized in a second step. Subsequently, in a third step, the two remaining intensity-normalized mean spectra were subtracted to eliminate the fluorescence background according to the SERDS technique. Subsequently in a third step, the two remaining intensity-normalized mean spectra were subtracted to eliminate the fluorescence background according to the SERDS technique. In a following fourth step, we reconstruct the Raman spectrum which after reconstruction is not on the zero-baseline. In a fifth step, a Savitzky Golay filter (polynomials of order 5) is applied to the reconstructed "Raman spectrum" and the fitted function is then in a sixth step subtracted from the reconstructed Raman spectrum. As a consequence the broadband background is removed from the reconstructed Raman spectrum as it can be seen for the pathological and physiological tissue at the very bottom in Fig. 3 . 
Statistics
To discriminate between healthy and tumor tissue using the Raman fingerprint signal, we utilized a linear discriminant analysis (LDA) [47] . An LDA estimates the statistical distribution of the classes healthy and tumor assuming two normal distributions. Hence, a previously unseen observation can be assigned to one of the classes based on this estimation. As the classification performance of LDA is hampered by high dimensionality of the data, we performed a dimensionality reduction of the data set based on principal component analysis (PCA) [47] . PCA produces a transformation of the original data set with following characteristics: the transformed variables (principal components -PCs) are linear combinations of the original variables, with the property that the order of the PCs represents the amount of variability in the data explained by the PCs. This means, the first PC explains the largest part of the variability, the second PC the second largest and so on. As we can assume that we do not need to explain 100% of the variability to be able to perform discrimination between the classes of interest, we can reduce the number of variables by using only a limited number of PCs. The classification performance of this combination of PCA and LDA was calculated by a cross-validation. The data set was divided into twelve parts, each part consisting of the measurements of one patient. In a loop consisting of twelve iterations, eleven of the twelve parts were used to perform the PCA and the LDA. For the twelfth part, the probability to belong to the class tumor or healthy tissue was predicted using the previously trained PCA and LDA. In each cross-validation step, the optimal number of PCs to discriminate between healthy and tumor tissue was estimated by nested cross-validation. After calculating twelve steps, the probabilities for all observations in the data set were estimated. Subsequently, the classification error was calculated by comparing the predicted tissue with the actual tissue. ROC analysis provided sensitivities and specificities for all possible cutpoints to determine tissue type with tissue probabilities. All calculations were performed using the statistical software package R V3.1.0 [48] .
Results
In the eleven cross-validation loops, 40 principal components were selected 6 times, 45 PCs were selected 3 times, 55 PCs were selected twice and 50 PCs were selected once. The mean percentage of variation explained by the first four PCs in the 12 cross-validation runs were 76.2%, 10.7%, 5.8%, and 2.4%. Of the 72 observations, 34 were correctly classified as healthy, and 31 were correctly classified as tumor tissue. Five tumor measurements were falsely classified as healthy and two normal tissue measurements were falsely labeled as tumor tissue. This means that the classification error estimated by the cross-validation was 9.7% with a sensitivity of 86.1% and a specificity of 94.4%. Discrimination accuracy between tumor tissue and physiological tissue was measured with an AUC of 94.5% (Fig. 4) . Figures for mean Raman spectra for OSCC and physiological tissue are shown in Fig. 3 . The differentiability of malign and benign tissue from the oral cavity can be attributed to spectral features of lipids and proteins in the Raman shift range between approximately 1000 and 1800 cm-1. Figure 5 shows exemplary Raman spectra of pathological and physiological oral tissue and assigns the Raman signal peaks to molecular vibrations. The assignment to molecular vibrations was taken over from Venkatakrishna et al. [45] and Oliveira et al. [46] . 
Discussion
A significant challenge for Raman spectroscopy in biomedical applications is the removal of concomitant background fluorescence without the loss of relevant and significant Raman spectral features which account for the biomolecular profile of the tissue. The acquired raw spectrum contains a weak Raman signature compared to the intense fluorescence background (fluorescence orders of magnitude more intense than Raman scattering). This interference limits the applicability of Raman spectroscopy in the clinical environment [49] . This immensely hinders the performance of cancer identification. Recent efforts have been made to remove the underlying fluorescence background from the spectral data in an effective manner and adequate Raman instrumental systems or data processing regimes have been introduced. Computational approaches primarily focus on the polynomial fit method or Fourier transformation of the acquired data [50] [51] [52] , whereas time-resolved Raman spectroscopy and polarization modulation have been described in literature regarding instrumental approaches [53, 54] .
A further possible instrumental approach -as applied in this study -is the Shifted Excitation Raman Differential Spectroscopy (SERDS) [55] . This approach -primarily described in 1992 by Mathies et. al -exploits the fact that the Raman spectrum shifts according to small shifts of the excitation photon energy (excitation wavelength), while the fluorescence spectrum remains unaffected by small shifts of the excitation photon energy [55] . Through a slight shift in the excitation wavelength, two different spectra are acquired, both containing the background fluorescence spectrum and the desired Raman spectrum. Through the subsequent subtraction of the two acquired spectra, the background fluorescence spectrum can be removed. Prior findings suggest the feasibility of SERDS as a reproducible, precise and systematic approach for luminescence suppression in the biological tissues flesh, fat, connective tissue, and bones [49, 56] . The results of our study suggest a high identification of OSCC lesions with a sensitivity of 86.1%. An even higher identification of physiological tissue can be observed (94.4%). This is crucial for a diagnostic test as it does not produce unnecessary false positive results. For a better comparison of the diagnostic method, the area under the ROC curve (AUC) was calculated (see Fig. 4 ). With a value of 95.4%, the calculation yielded a result that can be interpreted in the range of an excellent diagnostic test.
The data presented in this work demonstrates that Raman spectra acquired with the SERDS technique are reproducible and sensitive to nucleic acids, lipids and proteins (Fig. 5) . A comparison of the acquired spectra to prior works in this field shows a high correlation of these spectral features to the spectral data acquired with the SERDS method: While spectral features assignable to lipids, such as the C = O vibration at 1745 cm-1, the δCH2 vibration at 1440 cm −1 or the CH2 twist vibration at 1330 cm-1 are clearly less pronounced in the pathological tissue, other spectral features assignable to proteins are clearly more emphasized in the pathological tissue. Singh et al. [41] give two explanations for the protein dominance in the pathological tissue. Firstly there is a loss of architectural arrangement of different layers in the pathological tissue. Therefore the lipid characteristics are reduced if the content of different layers is mixed. Secondly the number of surface and receptor proteins, antigens, antibodies and enzymes is high in cells of pathological tissue, which is assumed to give rise to protein dominated spectra [42] . These results are also in concordance with other cancerous tissues such as breast tissue, where the lipid profile of the tissue is seen as a Ramanbiomarker for a distinction of benignant and malignant breast tissue [32, 57] . The spectral feature of nucleic acids at 1550 on the other hand is emphasized in OSCC tissue. This spectral feature has also been observed in prior studies and can be interpreted with regard to a higher concentration of nucleic acids in cancer tissue [46] . As this work could demonstrate the validity of SERDS in OSCC tissue, further studies can be carried out in a larger sample size to identify the specific biochemical composition and investigate spectral features that are altered in malignant oral tissue and its early malignant transformation. Recent developments in this field show great prospects for Raman spectroscopy to detect discrete molecular changes as an unsupervised method in bulk tissue as well as in cytopathological samples [24, 42] .
Applying the SERDS method in clinical practice may come with several advantages. Firstly, the acquired SERDS spectra are meant to contain more information than computational methods [58] . When it comes to the highly sensitive differentiation of precancerous lesions and the monitoring of lesions with a high risk for degeneration, this might be an important benefit. Secondly, the acquired reference spectra do not come with "fixed pattern noise" originating from the setup or surrounding stray light when applying the SERDS method [55, 58] . Subsequently, a rather standardized database of reference spectra can be attained without influencing parameters of the setup or the clinical environment, for a more effective and accurate transfer of the findings to clinical practice. Thus, a Raman signal without interfering noise arising from varying stray light or the endoscopic setup can be acquired and a standardized data set can be obtained for lesions in the oral cavity. Since little or no standardization can be realized in clinical environments regarding the setup, angular distribution, distance to the sample and stray light, this feature might be a substantial benefit.
Prior Raman studies concerning oral squamous cell carcinomas suggested that the acquired spectral data can be linked to mathematical algorithms for an automatic objective classification of the suspicious region without the need for a subjective interpretation [59] . Accordingly, the data analysis used in this study is based on the conversion of the Raman signal into a diagnosis through a supervised statistical learning procedure (LDA). This way, an objective classification into tumor tissue or physiological oral tissue can be derived from the acquired spectra, without the need for a subjective clinical interpretation of the results. For identifying the data that accounts for the differentiation, the spectral data was reduced to a new set of calculated variables, accounting for the majority of the data variance. Based on that, a classification model was established. This way, an effective and fast calculation performance can be yielded when transferring the system to in vivo clinical trials. The database we used in this study was derived from 12 tumor samples with 72 data points. This is a rather limited data set. However, the statistical analysis of the acquired Raman spectra shows sufficient and promising results that led to the establishment of an accurate classification model for OSCCs. Further studies have to be conducted to extend the database for an even more accurate classification and to validate the classification performance through independent data sets.
Even if a better performance could be achieved when setting the excitation wavelength in area range within 400-700nm, there are two main reasons for exciting the Raman scattering in the near infrared-region of 783 nm -785 nm. First, biological tissue inherits a minimal absorption coefficient in the near-infrared region due to the low number of chromophores that are excitable at longer wavelengths. This feature substantially reduces the accompanied autoluminescence and accounts for a moderate autofluorescence contribution to the spectra [19, 58] . Second, excitation light in the near-infrared region prevents biological tissue from iatrogenic damage due to unwanted light-tissue interactions through water absorption like heating, coagulation and subsequent tissue necrosis.
The incident power was set to 115mW laser power at 783 nm. Since the laser power as well as the excitation wavelength highly correlates with the probability of tissue damage but also with the quality of the acquired Raman spectra, it is of major importance to set an excitation wavelength that addresses both needs in an adequate manner. Literature suggests a power incidence of over 80mW for an optimal signal-to-noise ratio, however the value is dependent on the investigated biological sample [49] . No significant affection of cells and their components was observed at 115mW laser power at 785nm in literature [19, 60, 61] . This is in accordance to our clinical findings after our spectral measurements, where no iatrogenic damage through the laser excitation light could be observed.
The wavelength shift performing the SERDS method was set to 2 nm. Higher ∆λ make a re-development of the Raman spectrum from the SERDS spectrum unemployable, while too little ∆λ would lead a low signal-to-noise ratio [58] . Literature suggests an optimal wavelength shift of 0.5nm when performing measurements on biological samples, however, the ∆λ is specifically dependent on the widths of the Raman peaks [49] . Thus we preexamined the optimal wavelength shift for a first feasibility analysis. The best results could be obtained in our study sample with a shift of 2 nm. Even though very promising results could be obtained when performing the acquisition with ∆λ the chosen parameter set, further studies have to be conducted to find the optimal wavelength shift for the identification of oral cancer before conducting research on premalignant lesions (precursors) of OSCC and the transfer of the method to in vivo clinical trials.
Conclusion
Shifted Excitation Raman Differential spectroscopy (SERDS) was evaluated in terms of an ex vivo identification of oral squamous cell carcinoma with promising results for a non-invasive optical biopsy system. The method has proven to objectively identify OSCC tissue with excellent results and is capable of an adequate and valid extraction of the underlying Raman signal. The spectral features of proteins, lipids and nucleic acids can serve as sensitive Raman biomarkers to distinguish between cancerous and noncancerous oral tissue. The SERDS Setup as described in this study has a prospect to complement the standard approach of histopathological diagnosis. Conflict of interest There was no conflict of interest.
